The metabolism of mRNA from the lactose (lac) operon of Escherichia coli has been studied in ribonuclease (RNase) III-deficient strains (rnc-105 (10, 38, 42) . With the isolation of an RNase III-strain, AB301-105 (26), the enzyme was soon found to play a role in the maturation of rRNA (12, 32) as well as in the processing of bacteriophage T7 early mRNA (12, 15) by promoting site-specific cleavages (13). Recent studies have extended our understanding of the role of RNase III in rRNA maturation (16, 19) and have shown that it cleaves the early leftward mRNA product of bacteriophage X during infection (29). The terminal 5' and 3' sequences released upon cleavage have been identified for several targets (27, 36, 37, 39, 45) . The specificity seems to involve more than the primary base sequence (19) which is not identical in these cases (reviewed in 36).
the normal cell to prepare lac mRNA for translation initiation. A defect at this step could account for all the observed changes in lac expression. A potential target within a secondary structure at the start of the lac mRNA is considered. Expression of many operons may be affected by RNase III activity; gal and trp operon expressions were also abnormal in RNase III-strains.
Ribonuclease (RNase) III is an endoribonuclease of Escherichia coli specific for doublestranded RNA (10, 38, 42) . With the isolation of an RNase III-strain, AB301-105 (26) , the enzyme was soon found to play a role in the maturation of rRNA (12, 32) as well as in the processing of bacteriophage T7 early mRNA (12, 15) by promoting site-specific cleavages (13) . Recent studies have extended our understanding of the role of RNase III in rRNA maturation (16, 19) and have shown that it cleaves the early leftward mRNA product of bacteriophage X during infection (29) . The terminal 5' and 3' sequences released upon cleavage have been identified for several targets (27, 36, 37, 39, 45) . The specificity seems to involve more than the primary base sequence (19) which is not identical in these cases (reviewed in 36) .
RNase III seemed a good candidate for an enzyme that might initiate degradation of E. coli mRNA, possibly causing the intercistronic cleavages that occur in polycistronic molecules (1, 9) . Silengo et al. (43) reported that total pulse-labeled RNA decayed slower in AB301-105 but that tryptophan operon (trp) and 8B-galactosidase messages were inactivated at approximately normal rates. However, Apirion and Watson, working with isogenic strains, reported no effect of RNase III deficiency on either f3-galactosidase mRNA or total pulse-labeled RNA degradation (3, 7) .
The work reported here began several years ago with AB301-105 and its parent A19 and continued with the more defined isogenic RNase III +/-strains constructed by Studier (46) when they became available. Results with both pairs will be presented since it seems likely that in both cases the effects are caused by RNase III deficiency. Whereas there is no indication that this enzyme is responsible for a normal degradation step, its absence can result in an apparently abnormal decay because it appears to affect the efficiency of translation of certain E. coli mRNA's.
MATERIALS AND MErHODS
Strains. E. coli strain A19 [Hfr P021 metBI his-95 rna-19 rel-l (A)] and its RNase III-derivative, AB301-105 [Hfr P021 metBI his-95 bio-3 suc rna-19 rnc-105 rel-1 (A)], were from P. H. Hofschneider (26) . The following strains were constructed and kindly provided by W. Studier. E. coli strain BL309 (F-) is a tyrA' rnc+ constructed by P1 transduction of X'121 which is thi-l pyrD34 tyrA2 his-68 trp-45 str-18 malAI galK35 mtl-2 xyl-7. Strain BL308 (F-) is the tyrA+ rnc-105 P1 transductant of X'121. Strain BL227 is the rnc-105 uraP recombinant from F15/BL119 (46)-mediated chromosome transfer into W3110. Strain BL15 (46) is F-rna-19 rel-I (A), and BL229 is an rnc-105 uraP recombinant from F15/BL1l9 chromosome transfer into BL15.
E. coli strain 310 contains the deletion lacX74 of the lac operon and was derived by curing strain RV thi F'lac.
Growth conditions. The various media used will be given in each experiment, but the results are not generally media dependent. M9 salts (2) was the base for defined minimal media. It was supplemented with glycerol (0.2%), casein hydrolysate (0.8%), uracil (50 ,ug/ml), tryptophan (100 ug/ml), and thiamine (1 ,ug/ml); it will be referred to as M9S. In some experiments M9S was further supplemented with biotin (6 ,ug/ml), sodium succinate (100,ug/ml), methionine (100 ,tg/ml), histidine (100 pg/ml), and lysine (100 ,tg/ml); (23) . UDP galactose 4-epimerase (EC 5.1.3.2), galactose 1-phosphate uridyltransferase (EC 2.7.7.10), and galactokinase (EC 2.7.1.6) assays have been described (1) .
Translation initiation assay. The assay conditions follow the basic procedures of Revel et al. (34) . The reaction is performed either with low-salt washed ribosomes (containing initiation factor) or with initiation factor-dependent high-salt washed ribosomes. The fonner are prepared in 60 mM (NH4)Cl rather than 0.5 M.
The initiation reaction contained, in 100 p1, about 300 ug of ribosomes and 110 ,ug of RNA plus 56 Lg of 35S-labeled f-met tRNA. The other components included: tris(hydroxymethyl)aminomethane-hydrochloride (50 mM), pH 7.5; NH4C1 (100 mM); dithiothreitol (1 mM); GTP (0.5 mM); and magnesium acetate (5 mM). After 10 min at 370C the contents were centrifuged for 55 min through a 5-ml, 5 to 20% sucrose gradient at 50,000 rpm, and fractions were collected on membrane filters (type HA, Millipore Corp.). Procedures to optimize the reaction specificity will be discussed later (Lim and Kennell, in preparation). A major consideration is that the amount of [3H]RNA bound to a Millipore filter can include 3H trapped nonspecifically-presumably to cell proteins. The amount in the initiation complex can only be measured by isolating the 70S complex (by sucrose gradient in this paper). From each filter a 1/8 sector was counted for 5S and 3H binding, and the remaining filter was reacted for hybrid formation with a DNA filter for 3 days at 520C.
Although it shows the specificity more clearly, the initiation factor-dependent reaction is more difficult to use. Not only must the correct ratio of ribosomes to RNA be determined for maximum specificity but also the correct amount of initiation factor fraction for each preparation must be determined. Galactoside acetyltransferase synthesis is also reduced in BL308 (about 12-fold) compared with BL309, although the lag time is only increased about 50% (Fig. 2c and d These observations (Fig. 2) were repeated many times, but after a few months, to our chagrin, strain BL308 showed enzyme bursts more similar to those of the parent (Fig. 3) induction lags continued to be longer than those of the parent, but the yields of enzyme were about the same as were the half-lives of the messages. These latter results are more in agreement with those reported for a lac+ derivative of AB301-105 (43) and by Apirion and co-workers, who observed similar half-lives for ,B-galactosidase message in closely related (7) A sample from the original glycerol stock of BL308 that had been stored at -20°C was plated on tetrazolium-lactose plates and gave rise to slow-growing pink colonies; they had light-red centers and white peripheries, suggesting weak lactose fermenters. Of 10 such colonies, one gave a 8-galactosidase burst similar to the original phenotype shown in Fig. 2a . However, in subsequent experiments it too changed with respect to the lac phenotype. The basis for this peculiar phenomenon is being investigated. It can occur from one day to the next, suggesting an adaptation by the population rather than a mutant selection process. The ratio of lac expression in mutant/parent is independent of media (all listed in Materials and Methods), growth temperature (30, 37, BL308/BL309, indicating that they were already modified when first received.
Evidence that the reduced lac expression is caused by RNase m deficiency. Apirion and Watson (5) shown by the fact that they continued to grow rapidly at 450C even after a return to 370C for more than 50 generations of growth.
The revertants also regained the ability to grow at the characteristic growth rate of the parent and gave an induced fi-galactosidase burst identical to that from BL309. Also, they do not accumulate 30S rRNA (Fig. 4) . Thus, these strains appear to be true revertants of rnc to rnc+, and at the same time they regain the phenotypes of the rnc+ parent; it follows that these phenotypes must result from the rnc allele.
The following experiments attempt to clarify a possible role of RNase III in mRNA metabolism.
Longer induction lag. The longer induction lag for fB-galactosidase in BL308 could result from any one of several causes: (i) a delay before the initiation of transcription, (ii) a slower net rate of RNA polymerase movement, (iii) a delay in initiation of translation or in rate of ribosome movement, or (iv) a delay in assembly of the finished polypeptides into active tetrameric ,8-galactosidase.
The first possibility is excluded directly since B8-galactosidase message accumulates at a maximal rate very soon after induction of strain BL308 (Fig. 5) [2-'4C] uridine three generations before harvest and pulse-labeled by addition of [5-3H] uridine (to 30 fLCi/ml and 10 nmol/ml) 10 min before bringing to 0'C with sodium azide (to 10 mM) plus chloramphenicol (to 100 pg/ml). Electrophoresis through 2.7% gels was for 4 h at 4°C at 5 mA/gel. The gel slices were made soluble in 0.3 ml of concentrated NH40H overnight and then counted in 3 ml of an aqueous scintillation mix (9) . (a) Strain BL308; (b) revertant strain L3 from BL308. The inset shows the growth of strains BL309 (0), L3 (A), and BL308 (0) Growth and induction are the same as in Fig. 2 except that [5-3Hjuridine (to 33 ,uCi/ml and 2 nmol/ml) was added at -1 min and no rifampin was added. Five-milliliter samples were taken at the indicated times into chloramphenicol (to 100 ug/ml) and azide (to 10 mM) at 0°C. The RNA was partially purified (9) and reacted for 3 days at 52°C with denatured Aplac5 (0, 0) or 480plac 20 done by Jacquet and Kepes (22) . (This experiment could not be performed with strain BL308, because for unknown reasons ethylenediaminetetraacetate treatment was lethal to both BL308 and BL309 strains). The time for completion of the lac mRNA in strain AB301-105 is about 2.5 to 3 min, the interval seen in wild-type strains, (e.g., see Fig. 1-3 ), but galactoside acetyltransferase from the last message does not increase until 6 min (Fig. 6 ). This demonstrates that the delay occurs at translation or assembly. The latter alternative is unlikely, because the lag time is the same when the bacteria are further incubated at 37°C in the presence of chloramphenicol before preparation of lysates (data not shown).
Other observations suggest a translation delay in mnc-105 strains. For example, as noted above, whereas ,B-galactosidase appearance upon induction is delayed twofold or more, there is little further delay before the rise in galactoside acetyltransferase activity in strain BL308. In fact, in the experiment shown in Fig. 2 the times of increase of the two enzymes differ by only 0.5 min in the RNase III-strain. The corresponding interval in the parent strain is 1.5 min. Since ribosomes initiate independently at the start of each message, a slower peptide elongation rate concurrent with a normal rate of RNA polymerase movement would increase the ,B-galactosidase lag much more than it would the galactoside acetyltransferase lag, since the galactoside acetyltransferase monomer is only one-fourth the length of the fl-galactosidase polypeptide. Translational polarity results in the synthesis of smaller-sized molecules of lac mRNA (33) . Wild-type strains have a characteristic size distribution (9), with about 20 to 25% of the molecules full-length at the completion of lac mRNA synthesis (Lim and Kennell, unpublished data). This pattern is seen in Fig. 7 (Fig. 8) or mRNA from wild-type bacteria. Ri-10 pg/mI) and bosomes from the RNase III-bacteria are indis-5 mmn to allow tinguishable from those from RNase II' culmolecules (0). tures.
The marked defect in lac expression has redistal poly-mained stable in strain AB301-105 for many a more prox-transfers, so we compared the ribosomes and I)-of transcrip-galactosidase mRNA from strains AB301-105 ly severe.
and A19 for competence to form in vitro initiaional polar-tion complexes in "mixing" experiments. Any ial block will combination of ribosomes and total mRNA from bed yield of parent and mutant strains forms initiation comgene as well plexes in vitro which can be detected by reten--on. Further tion of 3S-labeled f-met tRNA and [3H]RNA in i the rnc-105 70S complexes on nitrocellulose filters (Fig. 9) . ch gives the The capacity to form an initiation complex with parts of the a specific message can be assessed by measuring ady-state in-the fraction of that message in the total RNA and A19/ present in the initiation complex. In the case of idicate that ,B-galactosidase message this fraction is deter- Fig. 1 , with l3HJuridine (to 33 ,uCi/ml and 2 nmol/ml) added at -1 min and rifampin (to 300 ig/ml) added at +1 min. [ Fig. 7 , the AB301-105,8-galactosidase mRNA has a smaller than average size, and this results from the absence of distal parts of the mRNA (Table 1) . This means that this population of ,B-galactosidase mRNA molecules is enriched for the proximal end that includes the ribosome loading site. This would increase the initiation capacity per unit off?-galactosidase mRNA mass compared with the parent RNA. Thus, threefold lower may actually be eightfold or more in terms of activity per loading site.
RNase m affects expression of other operons. We examined expression of the gal operon in AB301-105 by measuring synthesis and Silengo et al. (43) observed a reduced fraction of trp mRNA in AB301-105 as well as a slower than normal mas decay of only a minor fraction but a normal functional decay of two tip messages. We measured the level of tip mRNA in strains BL309 and BL308 which differ only in the rnc allele. In this case both proximal E and distal A mRNA from the tip operon are reduced about twofold in the mutant compared with the parent, although the very low level of hybrid A RNA from the mutant (0.07%) may be as low as can be observed (Table 3) .
Further studies will be necessary to define the FRACTION NUMBER A19 and AB301-105. Bacteria were grown in M9SX to 3 x 108/ml and induced with isopropyl-fi-D-thiogalactoside as in Fig. 1 , except that rifampin was not added. After 15 min of induction, [5,6- 3HJuridine (to 60 LCi/ml and 2 nmol/ml) was added, and the cultures were harvested 90 s later. RNA was purified and reacted with ribosomes and 3S-labeled f-met tRNA (same input countsper minute and micrograms in each) to form an initiation complex and put directly on 5-ml 5 to 20% sucrose gradients. Fractions were collected on Millipore filters, and 1/8 sectors were cut from each to obtain the pattern of total 3H and 3S shown. The 3H counts per minute input was slightly different for different reactions but was all normnalized to the same input counts per minute for the figure. The 7/8 sectors from the 70S peak (arrow) fractions (about 3 through 6) were reacted for hybrid formation to determine the amount of,B-galactosidase mRNA in the initiation complex (as shown in an experiment in Table 2 10 mM, [5-3H] uracil was added at -0.5 min (to 33 .tCi/ml, 2 nmol/ml), and fucose was added at 0 min (to 10 mM). Rifampin was added (to 300 pg/ml) at 1 min, and ['2C]uracil (to 100 pg/ml) was added at 5 min. Samples were taken at the times indicated to purify RNA for hybrid reaction to the gal DNA segments shown by the solid bars in each panel. P, E, T, and K stand for the promoter, epimerase, transferase, and kinase genes ofthe gal operon, respectively, and the numbers in parentheses are strain numbers for the transducing bacteriophages (kindly provided by M. Gottesman and S. Adhya; see reference 1) carrying these DNAs. Symbols: RNA from strain A19 (0); RNA from strain AB301-105 (0). For example, the first step in construction of an isogenic pair was to create a strain from AB301-105 that could grow in minimal medium containing only methionine plus histidine (5) . This step, and most succeeding ones, were effected by transduction from strain D10 into a given rnc-105 strain. Studier (46) showed that these amino acids were required by the parent strain A19 and that the only unique auxotrophic requirements of AB301-105 were for biotin and succinate. However, Studier noted the peculiar RNase III AND E. COLI mRNA 539 fact that this suc mutation mapped near 39 min, which is far from the sucA and sucB loci at 16 min, and "revertants" to suc+ from AB301-105 occur at a very high frequency (46) . He proposed that this succinate requirement might reflect the RNase III deficiency. However, the revertants to suc+ were still RNase III-, so that the reversion would have to have resulted from the expression of a specific suppressor mutation.
Other ill-defined phenotypes were selected in these experiments (5) . These included the ability to grow in minimal media at 430C (dig' for defect in growth) and to overcome a general defectiveness for growth on a variety of sugars (5) . In this latter connection the deliberate selection of lac+ strains (3, 5, 43) from an rnc-105 parent could have been for a suppressor that eliminated the requirement for RNase III activity and led to the conclusion that the activity had no role in normal expression of the lac operon (3, 7, 43) . The defect in f1-galactosidase gene expression (Fig. 1) does not reflect a defect in the gene or its lac control elements. Apirion and Watson (5) concluded that the ,B-galactosidase gene was normal in AB301-105 from transductions into lac point and partial deletion mutants. We have verified this conclusion by transduction from AB301-105 into a strain with a complete deletion of the lac operon (strain 310) and selection of normal lac+ transductants at a reasonable frequency (unpublished data). Furthermore, the /B-galactosidase mRNA is synthesized at close to normal levels in both AB301-105 and BL308 (Table 1) . Other observations reported here show that it is the expression of this mRNA, rather than its synthesis, that accounts for the poor expression of the lac operon.
Taken together, the preceding observations suggest that some of the several phenotypes observed in strain AB301-105 may not result from a collection of independent mutations, but rather are pleiotropic effects of the single rnc-105 mutation. Selection of apparent revertants for a specific defect could represent selection of a specific suppressor for that defect and thus obscure the physiological role of RNase III in these specific functions.
Several other examples are consistent with this view, including even possible compensating activities for the maturation and degradation of rRNA in RNase III-strains (3, 5, 16 (14, 46) . Some of the differences could result from different degrees of suppression in the rnc-105 strains used.
Nature of the "suppressors." We find it very difficult to maintain the original phenotype for defective lac expression in the rnc-105 mutants of the isogenic pairs. The bacteria quickly adapt in some way to give a less marked reduction in lac operon expression (Fig. 2 and 3 ). At this time we do not know if this change occurs by selection of a suppressor genotype or by a "phenotypic suppression," i.e., by some nongenetic adaptation such as the induction of a normally repressed gene. The change can occur in cultures stored overnight at 4°C with subsequent regrowth at 370C, which suggests that the latter process may be involved. Until clarified, the change in phenotype should be considered a suppressor effect, recognizing that it may not result from a suppressor mutation.
Possible role for RNase III in mRNA translation. There is an extremely broad spectrum of physiological processes influenced by RNase mI activity. This suggests some sensitive component common to all of them. A likely candidate would be the ribosome, since its maturation is altered. However, the evidence discussed here ( Fig. 9 and 10 , Table 2 ) argues against this possibility. Some other molecule could be responsible, but another distinct possibility is that this enzyme is involved in the processing of many E. coli mRNA's to account for the multiple pleiotropy of AB301-105.
We suggest that a direct effect of the rnc-105 mutation is on translation initiation of the first gene of the lac operon and decreased yields from distal genes can be explained by the generation of translational polarity (21, 31) , although there may also be a direct effect on expression of galactoside aceytltransferase message (Fig. 6) . The nucleotide sequence of the early part of the lac operon (11, 18) shows palindromic regions in the operator DNA. Whereas most discussion has focused on the possible function of these regions for DNA-protein binding, it is possible that they play a role in the expression of the transcription product-the mRNA. Since part of the operator is transcribed to provide the 5' end of the mRNA (30) , two double-stranded configurations before the AUG start of f?-galactosidase mRNA are possible (30) . Recently, we (Cannistraro and Kennell, submitted for publication) have measured the fi-galactosidase message half-lives and the frequencies of translation initiation in the 11 lacOc mutants of Smith and Sadler (44) whose base changes were identified later by Gilbert et al. (17) . Of the 11, only 2 have significantly slower initiation frequencies than the parent, J. BACTERIOL. and they map at the junction of the loop and stem in mRNA residues 7 and 8 of the structure that is potentially the more stable (30) . Cleavage between residues 6 and 7 of the lac mRNA would liberate U-U-G-UOH and pG-A-G-. These compare closely with the terminal fragments released from the four of six T7 RNase III sites which have been identified in most detail and are also at loop-stem junctions (36, 39) ; these fragments are all U-U-A-UOH plus pG-A-U-.
If this secondary structure impeded initiation complex formation, then the absence of RNase III activity, which disrupts it in part, could restrict translation of /3-galactosidase message. These speculations are probably best put to the test in in vitro experiments.
